ABSTRACT
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
. Previous studies
38
have shown neurodegenerative changes in the hippocampus 15-20 years before symptom onset (Boyle, et al., 39 2013 ,Karran, et al., 2011 ,Murray, et al., 2011 . The main pathological features are amyloid plaques and tau
40
tangles throughout the brain (Braak and Braak, 1995 ,Holtzman, et al., 2016 ,Jellinger, 2008 ,Selkoe and Hardy, 41 2016 ,Thal, et al., 2014 ,Tomiyama, 2010 . Multiple AD associated genetic loci have been identified, although 42 their pathophysiological mechanisms remain largely unknown (Bekris, et al., 2010 ,Lambert, et al., 2013 ,Van 43 Cauwenberghe, et al., 2016 .
45
Transcriptomic studies on post-mortem AD brain tissue have been performed to further our understanding of
46
AD biology (Kavanagh, et al., 2013 ,Sutherland, et al., 2011 . Most of these studies report differentially
47
expressed genes and pathways in brain tissue of AD cases compared to controls (Ashburner, et al., 2000,Gene 
48
Ontology, 2015, Ogata, et al., 1999) . Most of these studies report a decrease in synaptic transmission,
49
mitochondrial function and cytoskeleton biology. In contrast, an increase is often reported in immune 50 response, inflammation and apoptosis in AD cases (Liang, et al., 2008 ,Ray and Zhang, 2010 ,Sekar, et al., 51 2015 ,Twine, et al., 2011 . Recently, network-based analysis are utilized to provide more extensive and robust 52 insights in these data, for example based on protein-protein interaction (PPI) data (Chi, et al., 2016,C. 53 Humphries, et al., 2015 ,C.E. Humphries, et al., 2015 ,Kong, et al., 2015 ,Kong, et al., 2014 . The largest amongst 54 these studies investigated gene expression (measured with RNA arrays) in more than a thousand brain 55 samples, spread across 19 regions in 125 individuals (Wang, et al., 2016) . By performing gene co-expression
56
analysis on AD cases of varying severity and non-demented controls they identified dysregulated gene modules 57 and pathways. The study concluded that some of those originated from early disease stages and might reflect 58 causal mechanisms, but also highlighted to use of gene modules rather than individual genes. In this study 59 these modules are based on only co-expression type PPI data.
60

M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
61
The goal of our study was to compare whole transcriptome sequencing of 20 AD cases with 10 age-and sex-62 matched cognitively healthy controls. We aim to identify differentially expressed genes and cluster these into 63 functional gene modules using PPI data. We aim to replicate these differentially expressed genes, gene 64 modules and functions in a second independent RNA sequencing dataset (van der Brug H, 2017) to determine (Bolger, et al., 2014 ,Dobin, et al., 2013 , picard (v1.90) and fastQC (v0.11.3).
MATERIAL AND METHODS
75
Transcript quantification was performed using featurecounts (v1.4.3) against all 57,820 gene features in
76
GENCODE (version date; 2013-12-05) (Harrow, et al., 2012 ,Liao, et al., 2014 components (PCs) were calculated using "prcomp" in R, and then plotted to visually identify sample outliers.
85
Statistical analysis was performed per gene using the exacTest function in edgeR, correcting for age, gender 86 and the first 2 principal components (McCarthy, et al., 2012 ,Robinson, et al., 2010 
88
Genes with a DE score ≥ 0.10 are considered differentially expressed genes (DE-genes) and retained for further
89
analysis. All steps were performed identically and separately for the discovery and replication datasets.
Protein-protein interaction (PPI) clustering
92
For all DE-genes, we extracted experimental, co-expression and database interactions scored ≥ 500 from STRING v10 (von Mering, et al., 2003) . This network was imported to Cytoscape (v3.4.0) and subjected to the
93
94
Markov Clustering Algorithm (MCL) in order to identify gene modules (Morris, et al., 2011 ,Smoot, et al., 2011 .
95
In short; MCL clusters graphical data to determine groups of genes (modules) with more interactions within the 96 module than to the rest of the network (Enright, et al., 2002) . This clustering method revolves around one main 97 parameter which determines the module sizes; the inflation factor. We optimized the inflation factor to retain 98 modules between 10-100 genes to allow for subsequent gene set enrichment analysis (Subramanian, et al., 99 2005) . Each gene can only be assigned to a single module. Modules smaller than 10 genes are excluded. All 100 steps are performed separately for the discovery and replication dataset.
102
Functional annotation of modules
103
For each identified gene module, enrichments for gene ontology biological processes (GOBP) were performed 104 using Webgestalt (v27-1-17) (Gene Ontology, 2001 ,Ogata, et al., 1999 . For GOBP enrichment the
105
"noRedundant" terms were used. All enrichments were FDR (Benjamini-Hochberg) corrected, using a threshold 106 of p<0.05 for statistical significance. Only the first three enriched GOBP-terms were extracted for each gene 107 module. All three GOBP-terms for all gene modules were then pooled, and divided into shared common
108
ancestor terms, denoted as GOBP-branches (Ashburner, et al., 2000 ,Carbon, et al., 2009 
114
DE-genes and gene modules were generated separately for the discovery and replication datasets using the M A N U S C R I P T A C C E P T E D 
124
We selected a list of 27 known AD risk genes, compiled from known AD GWAS loci and Mendelian causal genes 125 (Lambert, et al., 2013 ,Van Cauwenberghe, et al., 2016 . All experimental and database interactions between 126 these 27 AD genes and the genes in discovery modules were extracted from STRING, using a cutoff of ≥500. An
127
AD gene was considered to interact with a discovery module when it interacted with at least two of the genes 128 in that module.
RESULTS
130
Study sample characteristics
131
The demographic data of the AD group did not differ from the control group, as shown in Table 1 
134
QC metrics were similar between groups. Two outliers were identified by principal components, driven by high 135 expression of TTR. This gene is specifically expressed in the choroid plexus, which was confirmed using routine 136 staining and both cases were excluded. The replication dataset GSE95587 consisted of fusiform gyrus from 84
137
AD cases and 33 controls and is described elsewhere (van der Brug H, 2017).
139
Differentially expressed genes and modules
140
A total of 2,716 genes was differentially expressed in the discovery dataset (DE score ≥ 0.1), as shown in Figure   141 1. Examination of known interactions between these DE-genes showed that 1,610 
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DISCUSSION
190
in our study and fusiform gyrus of AD brains in the replication study.
191
The current comparative study supports the idea that the overlapping datasets based on gene modules or
192
GOBP-term per module is more robust than based on overlapping genes only, as the overlap of all DE-genes
193
(48%) can be improved by categorization into gene modules (72%), and even more by overlap based on GOBP-
194
terms (82%).
196
GOBP branches represent common AD pathways
197
The nine main GOBP-branches are previously observed in literature of AD expression studies (Chi, et al., 198 2016 ,C.E. Humphries, et al., 2015 ,Liang, et al., 2008 ,Ray and Zhang, 2010 ,Sekar, et al., 2015 ,Twine, et al., 199 2011 ,Wang, et al., 2016 . These GOBP-branches can be found in detail, containing all module annotations in 200 supplemental Humphries, et al., 2015 ,Liang, et al., 2008 ,Sekar, et al., 205 2015 ,Twine, et al., 2011 ,Wang, et al., 2016 . Liang, et al., 2008 ,Ray and Zhang, 2010 ,Sekar, et al., 2015 ,Wang, et al., 2016 . GOBP-Branch 3, enriched 
215
influence this process (Sekar, et al., 2015) . GOBP-Branch 4; "regulation of biological processes" is largely
216
complementary to the other GOBP-branches. It contains modules annotated to both an executive biological 217 process, e.g. "transmembrane transport" and its regulative process; "regulation of transmembrane transport".
218
Six of its seven gene modules fall into overlap category 1, indicating a robust dysfunction in this GOBP-Branch.
219
These first four GOBP-Branches are the largest and therefore underlie changes in AD pathophysiology that 220 stand out the most in our study. Of the 33 identified gene modules in our study, 23 are involved in these four 
233
The biological processes of GOBP-Branch 9, including neuromuscular process", "actin-filament based 234 movement" and "neuron projection guidance might also be robust changes in AD, but are represented by only 235 a small number of gene modules in our data, possibly due to the late stage of the disease in our samples.
237
Interactions with AD genes
238
Of 27 AD genetic risk factor genes, only three were differentially expressed in our dataset, and two replicated
239
(MEF2C and PTK2B). Several discovery modules interacted with these AD genes, suggesting a degree of overlap 240 in biological function. HLA-DRB1, HLA-DRB5, BIN1 and PICALM interact with M9 and might be involved in 241 endocytosis and/or microtubule-based movement (Baig, et al., 2010 ,Zhou, et al., 2014 . ABCA7 and MAPT
242
interact with a gene module involved in ion transport and signaling (M2). APP interacts with M1 and is involved 243 in signal transduction (Cheng, et al., 2014 ,Cirrito, et al., 2008 . PTK2B is differentially expressed in both 244 discovery and replication and interacts with modules involved in receptor signaling and protein modification
245
(M7, M10 and M25) (Beecham, et al., 2014 ,Han, et al., 2017 . .CELF1 interacts with genes involved in RNA
246
processing and protein modification (M8) and CLU interacts genes involved in exocytosis and actin-based 247 filament organization (M14). These interactions suggest roles of these genes also in later stages of AD, and do 248 not represent the typical associations of these genes in a causal inference (Lambert, et al., 2013,Van 
252
This study holds several limitations. Firstly, PPI networks are comprised of existing databases, which generate 253 bias to well-known genes and biological processes (Gillis, et al., 2014 ,Schaefer, et al., 2015 ,von Mering, et al., 254 2003 . Indeed, of the 2,716 DE-genes identified in discovery, only 1,610 held an interaction in the STRING 255 database, and some relevant genes might have been excluded as a result.
256
An important issue in using PPI-data for your network analysis is that there are no clear guidelines on what to 257 use for the interaction score cutoff, Markov clustering inflation factor threshold, or on the proper functional 258 annotation of modules. Nevertheless some consensus is emerging and these most commonly used parameters
259
were also applied in this study. These parameters are: 1. prioritizing or limiting to experimental interactions 260 types, or not using text-mining based types, since this minimizes bias of the results (Szklarczyk, et al., 2017 ,von 261 Mering, et al., 2003 ; 2. Optimizing the MCL inflation factor to generate modules of 10-100 genes 262 (Subramanian, et al., 2005,van Dongen and Abreu-Goodger, 2012) ; 3. Replication, preferably on a functional 263 annotation level as Gene Ontology (Ashburner, et al., 2000 ,Gene Ontology, 2015 .
264
To optimize clustering of the gene modules, additional metrics of the generated PPI-network could be included,
265
for example the direction of effect, or weighting PPI interactions. This study was designed as a cross-sectional 266 case-control analysis, and many of the observed differences might be caused by neurodegeneration. Our 267 sample size of 18 cases and 10 controls is not optimal to robustly detect all deviations in AD, and some Alzheimer's disease and related dementias. PLoS Genet 10 (9) 
520
The last column indicates the category of overlap for each discovery module (1: overlap in genes and GOBP-521 term, 2: overlap in GOBP-term, but not in genes, 3: overlap in genes, but not in GOBP-term). 76 ± 12 75 ± 7 75 ± 7 Braak 1.5 ± 1.3 5.5 ± 0.5* 5.6 ± 0.5* amyloid 0.9 ± 1.1 2.9 ± 0.3* 2.9 ± 0.3* pmd 551 ± 297 348 ± 108* 329 ± 98* pH 6.6 ± 0. • 2,716 differentially expressed genes in 18 AD hippocampus compared to 10 controls
522
• 33 differentially expressed gene modules identified by PPI network clustering
• 48% of genes replicate vs 82% of annotated GOBP-terms
• Gene modules represent specific subsets of enriched biological processes
